We explore direct collider probes of the resonant leptogenesis mechanism for the origin of matter. We work in the context of theories where the Standard Model is extended to include an additional gauged U(1) symmetry broken at the TeV scale, and where the light neutrinos obtain mass through a Type I seesaw at this scale. The CP asymmetry that generates the observed matter-antimatter asymmetry manifests itself in a difference between the number of positive and negative like-sign dileptons N (ℓ + ℓ + ) − N (ℓ − ℓ − ) that arise in the decay of the new Z ′ gauge boson to two righthanded neutrinos N , and their subsequent decay to leptons. The relatively low efficiency of resonant leptogenesis in this class of models implies that the CP asymmetry, ε, is expected to be sizable, i.e. of order one. In particular, from the sign of the baryon asymmetry of the Universe, an excess of antileptons is predicted. We identify the domains in M Z ′ -MN space where such a direct test is possible and find that with 100 (300) fb −1 of data, the LHC can potentially exclude the noasymmetry hypothesis at 2σ if ε > 0.20 (0.12).
I. INTRODUCTION
The origin of matter is a profound mystery. It is well known that the primordial generation of a tiny baryonantibaryon asymmetry can explain why our present Universe consists almost exclusively of matter. The possibility that this was put in "by hand" at the beginning is not tenable since it is now generally believed that the universe underwent a period of inflation, which would have diluted this initial amount to negligible values. The observed asymmetry must therefore have been generated after the end of inflation.
In 1967, Sakharov [1] laid down the criteria under which a baryon asymmetry can be spontaneously generated. Many particle physics scenarios have subsequently been proposed that realize Sakharov's conditions and thereby generate the observed matter-antimatter asymmetry. In this paper, we focus on the mechanism of leptogenesis [2] , which is intimately tied to the origin of neutrino masses via the (Type I) seesaw mechanism [3] . The basic idea is that the heavy right-handed (RH) Majorana neutrinos required for the seesaw mechanism can produce an asymmetry between leptons and antileptons using the same couplings that produce neutrino mass; this lepton asymmetry gets transformed to a baryon asymmetry with the intervention of electroweak sphaleron transitions, which are fast in the early Universe [4] .
Unfortunately, in most generic versions of the leptogenesis scenario, the RH neutrinos are superheavy and are therefore not accessible to colliders. The situation, however, is very different if there is an additional U(1) gauge symmetry broken at the TeV scale, under which the Standard Model (SM) fields are charged. In general the gauge charges of the new U(1) will forbid the (LH) 2 operator that generates Majorana neutrino mass. In such a scenario the simplest possibility for neutrino mass generation involves RH neutrinos at the TeV scale that carry charge under the additional U(1), and which are necessary for anomaly cancellation. These particles can only acquire Majorana masses once the U(1) symmetry is broken, and are therefore required to be light. The SM neutrinos have small Yukawa couplings (of order the electron Yukawa coupling) to the right-handed neutrinos, and acquire mass through a conventional Type I seesaw. In this class of theories RH neutrinos can be pair produced through decays of the Z ′ associated with the new gauge symmetry. Their subsequent decays N → ℓ − W + and N → ℓ + W − constitute a window into the dynamics underlying neutrino mass generation. In particular, the fact that the final state leptons can have the same sign constitutes concrete evidence for the Majorana nature of neutrinos. In this scenario, leptogenesis is possible provided that at least two of the RH neutrinos are quasidegenerate. This is the so-called resonant leptogenesis mechanism [5] . Our considerations apply to this case.
Let us define the CP asymmetry parameter relevant for the LHC,
where i = 1, 2, 3 and α = e, µ, τ . The cosmological CP asymmetry is usually expressed in a somewhat different way, since the RH neutrino can also decay into a Z and a neutrino, or into a Higgs and a neutrino. However, in the limit M N ≫ M W ± ,Z,H and for the self-energy diagram which is the only one relevant for resonant leptogenesis, our definition agrees with the conventional one.
As we discuss in Section III, leptogenesis at the weak scale is very constrained in the class of models we consider, because of the Z ′ -mediated scattering processes, ff ↔ N N . The Type III seesaw case exhibits similar behavior [6] . In fact, it is non-trivial that an allowed region in the space (M Z ′ , M N ) exists at all [7] . The final baryon asymmetry is given by
In our scenario, the efficiency factor at the end of leptogenesis, κ fin , is of order 10 −7 -10 −8 for Z ′ masses accessible at the LHC. It then follows that the CP asymmetry parameter ε must be of order one in order to match the observed baryon abundance, η B = (6.2±0.15)×10 −10 [8] . Consequently, if the RH neutrinos satisfy the kinematic requirement that M Z ′ ≥ 2M N , so that the decay Z ′ → N N is allowed, then N must decay into leptons with order one asymmetry if leptogenesis is indeed at the origin of the observed baryon asymmetry. This "large" value of ε then allows the number of positive like-sign dilepton, N (ℓ + α ℓ + β ), to be significantly different from the negative like-sign ones, N (ℓ
, as we discuss in Section IV. Therefore, an observation of this quantity constitutes a direct test of TeV-scale leptogenesis in this class of models. Specifically, an excess of antileptons over leptons is predicted by the sign of the baryon asymmetry of the universe. It should be emphasized here that the fact that large CP asymmetries are predicted is entirely due to the presence of the new Z ′ . In the standard resonant scenario at TeV scale, CP asymmetries of order 10 −4 suffice, which are much too small to be observed at colliders.
II. DETERMINING THE BARYON ASYMMETRY
We consider the addition of an additional Abelian gauge group to the SM. For concreteness, we will take this new U(1) to be B − L [9] . An alternative choice will not significantly affect our conclusions. The Lagrangian of this model differs from the SM by the usual Type I seesaw term,
with i = 1, 2, 3, α = e, µ, τ , L and Φ are SU (2) doublets, Φ = iσ 2 Φ * , and
The charges under this group are particularly simple:
, for quarks and leptons, respectively.
The efficiency factor κ fin introduced above is determined by solving numerically the set of Boltzmann equations relevant for this model (see for instance [10] ). In comparison to the standard Type I case, there is an additional scattering term in the equation for the evolution of the N i number density. In order to have enough CP asymmetry when M N ∼ 1 TeV, the RH neutrinos need to be degenerate to a high degree [5] . However, in the computation of the efficiency factor the small mass differences do not matter, and we can assume M Ni ≡ M N , i = 1, 2, 3. Moreover, since leptogenesis occurs in the TeV range, flavor effects [11, 12] must be included, and the three flavors are distinguished. Including flavor effects and the contributions from all RH neutrinos, we can express the final baryon asymmetry produced through leptogenesis as
where z = M N /T , α ε iα = ε i , and the efficiency factor κ iα is found solving the relevant set of Boltzmann equations.
In the model we are considering, it can be shown that the efficiency factor can be expressed in the following form:
where
, with K i (z) being the modified Bessel function of the ith type. The flavored decay parameter is given by the ratio of the decay width to the Hubble expansion when the mass equals the temperature,
with m ⋆ = 1.08 × 10 −3 eV. Summing over alpha gives the total decay parameter
It is useful to define two typical values of the decay parameter deduced from neutrino masses: K sol ≡ m sol /m ⋆ ≃ 8.1 and K atm ≡ m atm /m ⋆ ≃ 46. Note how in general the efficiency factor in Eq. (5) depends on both K i and i K iα , and not only the sum i K iα as in the usual resonant Type I case [14] . The scattering rate S Z ′ ≡ γ Z ′ /(Hn eq N z), where n eq N is the RH neutrino equilibrium number density, and γ Z ′ is a reaction density which depends on the following reduced cross section:
where x = s/M 2 N . The total Z ′ decay width in this model is given by
If one were to plot S Z ′ (z) and D(z), one would immediately see that S Z ′ ≫ D for z ≪ 1, implying that essentially no asymmetry is produced at high temperatures T ≫ M N . The asymmetry is created once the Boltzmann suppression in N eq Ni starts acting, when T < ∼ M N . It turns out that the maximal efficiency occurs at very large values of K, of the order of 10 3 -10 4 [7] . We will be more conservative, and simply assume values of i K iα that are motivated by neutrino masses, and for definiteness further assume that K iα = K i /3 for each flavor α, except in the case of normal hierarchy, where the washout in the e flavor is typically suppressed [15] . Note that both the assumption of flavor universality and K ∼ m ν /m ⋆ are conservative in the sense that relaxing them, we would get (slightly) larger efficiency factors. Since we know that
e. for a quasi-degenerate spectrum, we will consider the following three benchmark points:
i K iτ,µ = 25, i K ie = 5 for normal hierarchy, i K iα = 30 for inverted hierarchy, and finally i K iα = 100 for a quasi-degenerate spectrum. With reasonable assumptions about the flavored CP asymmetries ε iα , it turns out that the normal hierarchy and inverted hierarchy cases lead to very similar results. This is because of the weak dependence of the final efficiency factor on i K iα . In what follows we therefore present the results for these two cases together.
We have numerically integrated Eq. (5), and assumed for concreteness that ε 1 = ε 2 = ε 3 ≡ ε and K 1 = K 2 = K 3 , in order to get a typical region in the plane M Z ′ -M N where leptogenesis is successful. We have assumed that the production of asymmetry stops immediately once T < T sph , the sphaleron freeze-out temperature. For a Higgs mass of 120 GeV, this is given by 130 GeV [16] . The results are shown in Figs. 1 and 2 for the value of the new gauge coupling g ′ 1 = 0.2. The allowed regions are to the right and above the colored lines. Inside the contour of ε = 1, the efficiency factor is κ fin (∞) > ∼ 10 −8 , and inside ε = 0.1, the efficiency factor calculated is κ fin (∞) > ∼ 10 −7 . As mentioned above, we are showing only one plot for the normal and inverted hierarchy cases because the allowed regions are almost identical. We have restricted the plane to M Z ′ ≤ 5 TeV and M N ≤ M Z ′ /2, which is favored for discovery at the LHC. Note however that leptogenesis is also successful in the region M N ≥ M Z ′ /2, as shown in [7] . As pointed out earlier, the efficiency factor is maximal at large values of K. This upper bound implies an absolute lower bound for the Z ′ mass in order to have successful leptogenesis: For smaller values, a CP asymmetry parameter greater than one would be required, which is unphysical. Therefore, if a Z ′ with a mass below 2 TeV is discovered at the LHC, and RH neutrinos are observed with masses below M Z ′ /2, then leptogenesis is not possible, and some alternative mechanism of baryogenesis must be present. In any such scenario, the bounds on any pre-existing asymmetry derived in [15] must be taken into account.
III. EXPERIMENTAL PROSPECTS
We show in Fig. 3 the total LHC cross section to any pair of RH neutrinos, pp → Z ′ → N N [17] . We have fixed g ′ 1 = 0.2 and varied M Z ′ between 0.5 and 3 TeV in steps of 500 GeV. For M Z ′ = 3 TeV we see that we obtain a total cross-section of about 1 fb. The detector acceptance for such events is expected to be high, of order 85%. This means that we can have about 85 events with 100 fb −1 of integrated luminosity. The decay modes of the RH neutrino that are relevant for us are N → ℓ ± W ∓ , which constitutes half of the total decay rate of the RH neutrino in the limit M N ≫ M W ± ,Z,H . To first order in ε, the asymmetry between positive and negative like-sign dileptons is given by
where we sum over all RH neutrino contributions. With 85 events and no asymmetry, the expected number of likesign dileptons is N (ℓ + ℓ + ) = N (ℓ − ℓ − ) = 10.6 ± 2.3 at 1σ. SM events with high energy like-sign dileptons are rare, and further requiring that the invariant mass of each ℓW pair add up to the mass of the N renders the backgrounds negligible. If we assume ε 1 = ε 2 = ε 3 ≡ ε, as we did for the leptogenesis analysis, we estimate that the LHC will be able to exclude the no-asymmetry hypothesis at 2σ for ε > 0.20. With 300 fb −1 of integrated luminosity, i.e. effectively 255 events, the exclusion extends to ε > 0.12.
An important element for resonant leptogenesis is the presence of at least two degenerate RH neutrinos. The extreme degeneracy in their masses implies that it will not be possible to determine the number of RH neutrinos based on invariant mass measurements. Nevertheless, by measuring their branching ratios into leptons of various flavors, it may be possible to distinguish the cases of one, two and three RH neutrinos, even in the absence of any observed CP asymmetry. The decay probability of one RH neutrino into a certain lepton flavor is given by
Clearly the sum of the probabilities must equal one:
α P iα = 1, for i = 1, 2 and 3. Then, the probability of a given dilepton event to involve the flavors α and β, which can be directly measured at the LHC, is
where α, β = e, µ, τ , and i runs over the RH neutrinos (1, 2 or 3). We have the additional constraint that α,β P (ℓ α ℓ β ) = 1, which implies that one of the six equations in Eq. (11) is redundant. With only one RH neutrino, say N 1 , we have five equations for two unknowns, P 1e and P 1µ (P 1τ is known from the sum of probabilities), which means that the system is highly overconstrained. If no consistent solution to these five equations can be found, it means that there must be more than one RH neutrino. If there are two RH neutrinos, say N 1 and N 2 , we have five equations for the four unknowns P 1e , P 1µ , P 2e and P 2µ and so the system is still overconstrained. Therefore this case can potentially also be distinguished from that of three RH neutrinos.
IV. CONCLUSION
We have shown that in a model with TeV-scale RH neutrinos and Z ′ gauge boson, resonant leptogenesis is possible, and requires a large (order one) CP asymmetry to work. The allowed range for leptogenesis in the space M Z ′ -M N is very constrained in the LHC-favored situation M N < M Z ′ /2, and favors larger values of the Z ′ mass, M Z ′ > 2 TeV. The large CP asymmetry required in the decay of the RH neutrinos may have observable consequences at the LHC, in particular an asymmetry in the number of positive and negative likesign dilepton events. Specifically, the sign of the baryon asymmetry of the Universe implies an excess of antileptons over leptons. We find that with 100 (300) fb −1 of integrated luminosity the LHC will be able to exclude the no-asymmetry hypothesis at 2σ if ε > 0.20 (0.12). Finally, although the RH neutrino masses are essentially identical, their couplings to leptons are not, and we show that some simple linear algebra considerations allow us to distinguish the cases of one, two and three degenerate RH neutrinos even in the absence of any observed CP asymmetry.
